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Abstract. 
The experimental work presents results on the fatigue performance of composite beams in the negative moment region and the changes of stiffness and deformation of composite beams under repeated loads; fatigue tests were carried out on two double-layer composite beams. The fatigue performance of composite beams with different reinforcement ratios under complete shear connection and the variation of deflection, strain of the reinforcement, strain of steel beam, and crack growth under fatigue load were obtained. The results showed that the fatigue resistance performance of concrete slab with low reinforcement ratio was much lower than that of concrete slab with high reinforcement ratio whereas, under the fatigue load, the stress of the welding nail in the negative moment region was small and the slip was almost negligible. The degradation of stiffness and the development of cracks were mainly due to the degradation of bond-slip between the concrete and reinforcement. The fatigue failure mode was the fracture of the upper reinforcement in negative moment region. The results obtained in this study are helpful in the design of composite beam.

1. Introduction
Steel-concrete composite beam is a kind of flexural structure which connects steel beam and concrete slab as a whole. It can make full use of the material properties of steel and concrete and has significant advantages as small structural height, light weight, high bearing capacity, large stiffness, and good comprehensive benefits [1–3]. However, in the process of use, the negative bending moment exists at the fulcrum in the continuous composite beam bridge, when concrete slab is under tension, steel beam bottom plate and web are under compression, the performance of the two materials is not effectively achieved, and concrete slab in most cases is unfavorable under tensile condition [4–6]. Concrete with low tensile strength will crack when the load is very small. After cracking, the section stiffness of negative moment region decreases, and the concrete slab and steel beam have a relative slip, which leads to the redistribution of the internal force of the structure and affects the mechanical performance of the whole composite beam. The mechanical properties of the negative moment region of the concrete slab after cracking are complicated and must be studied through experiments.
The control area of the continuous composite beam is the negative moment region. The crack of concrete in negative bending area, the stress of reinforcement in concrete slab, and the buckling and fatigue of steel beam are the research emphases of continuous composite beam. In recent years, researchers have done considerable experiments on the static properties of steel-concrete composite beams. Barnard and Johnson [7] and Mallick and Chattopadhyay [8] showed that as long as secondary failure could be avoided, it was feasible to design most continuous composite beams according to the simplified plastic method. Hamada and Longworth [9] conducted tests on three continuous composite beams with two equal spans; their study showed that the failure mode was based on the crushing of concrete in the positive moment region or the local buckling of steel beam flange in the negative moment region, the ultimate load of continuous composite beams could be accurately calculated, and the amount of longitudinal reinforcement was the main factor influencing the failure mode in the negative moment region. Johnson et al. [10, 11] conducted tests on three-span continuous composite beams; their results indicated that the design of continuous composite beams is often controlled by the yield and cracking of materials under the service load. Johnson and May [12, 13] studied the vertical shear capacity of continuous composite beams through experiments, respectively, including the shear distribution of concrete slabs and steel beams. The results showed that the concrete slab can withstand about 20% of the total shear capacity in ordinary continuous composite beams and can even withstand 50% of the total shear capacity in slim sections. Johnson [14] conducted experimental studies on the shear strength and flexural stiffness of continuous composite beams, believing that the shear stiffness of sections is proportional to the number of shear joints, and shear connectivity is an important parameter in the design of continuous composite beams. Grant et al. [15] made a theoretical and experimental study on the influence of shear connection on the mechanical properties of continuous composite beams and concluded that the reduction of shear connection could greatly affect the bearing capacity of beams. Gautam [16] considered that shear nails, as a component of steel-concrete composite structure, play an important role in the performance of composite structure. Therefore, the influence of group columns on simply supported continuous box girder was studied, and the experimental results displayed that the higher the shear connectivity, the smaller the maximum slip value.
In recent years, the fatigue performances of steel-concrete composite beams have also been studied experimentally. Liao [17] obtained that the fatigue life of the welding nails was mainly controlled by the stress amplitude and not affected by the maximum stress. The strength of concrete has little influence on the fatigue life of welding nails. Fatigue load test of composite beams was carried out by Yen et al. [18]; and the test results revealed that it was recommended to use complete shear connection to avoid excessive deformation of composite beams under fatigue load. The type of reinforcement had significant effect on the fatigue performance of the beam. The composite beams with fine steel hinge lines displayed better fatigue resistance than the composite beams with reinforcement. Considering the particularity of composite beams connected by partial shear force, the corresponding experimental studies were conducted by Geattesco et al. [19]; and the test results showed that the European code 3 tended to be conservative when evaluating the fatigue life of internal bolts of composite beams, and the fatigue performance of internal bolts of beams was better than that of internal bolts of specimens under the same conditions. Youn et al. [20] conducted static loading and fatigue loading tests on the 1 : 5 composite bridge model, and the test results showed that when the load was applied to the middle of the bridge panel, the static strength and fatigue strength of the bolt were higher than those when the load was applied near the support. Johnson [21] summarized many representative research results and the latest provisions of several internationally popular codes, adopted the European code model, and suggested that the fatigue life of composite beams should be calculated as follows:logNK + 5.5logΔτ = 16.4.
In the review of both domestic and foreign literature, most studies mainly focused on the stiffness degradation caused by the sliding of welding nails under repeated loads and the fatigue failure of welding nails [22, 23] but there were few studies on the crack development of concrete bridge slab after cracking and the failure pattern of bridge slab caused by reinforcement fracture. The mechanism of stiffness degradation and fatigue failure of composite beams connected by complete shear force under repeated loads was rarely studied. In this paper, through the design of two reverse-loading simply supported composite beams, the mechanical behavior of the negative moment region of double-layer composite beams with different reinforcement ratios under monotone and repeated loads was studied. The crack development of concrete slab in negative moment region, the change of sectional stress of composite beam, the change of midspan deflection of composite beam, and the fatigue failure pattern were observed, and the results provided a reference for the design of composite beam.
2. Experimental Model Design
2.1. Experimental Beam Design
In order to make the test model truly reflect the stress characteristics of the actual composite beam bridge, this study simplified the scale of a continuous composite beam bridge and designed the test beam model in accordance with the principle that the relative height of the neutral axis remained unchanged, the structural stiffness was equivalent, and the shear connection degree was the same. The design parameters and loading mode of the test beam are shown in Table 1. The total length of the composite beam was 5.5 m, the distance between two supports was 4.9 m, the beam height was 0.55 m, and the beam width was 1.4 m. The transverse and longitudinal sections of the test beam are shown in Figures 1 and 2.
Table 1: Parameters of composite beam specimens.
	

	Specimen no.	Section form	Layout of upper flange welding nails	Number of upper flange welding nails	Reinforcement ratio of concrete slab (%)	Measured compressive strength of concrete (MPa)	Loading method
	

	PLG-1	Double-layer concrete	Continuous arrangement	176	1.76	59.05	Repeated loading
	

	PLG-2	Double-layer concrete	Continuous arrangement	176	0.88	60.18	Repeated loading
	





	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		

Figure 1: Cross section of test beam (unit: mm).




	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		

Figure 2: Longitudinal section of test beam (unit: mm).


2.2. Design of Welding Nail Connector
In order to effectively combine concrete and steel, a certain number of welding nail connectors were arranged on the floor of the steel beam to strengthen the connection between steel and concrete, as shown in Figure 3. The floor concrete was 95 mm thick, the top layer was covered with reinforcing mesh, the longitudinal steel bar had a diameter of 8 mm and a spacing of 70 mm, and the transverse steel bar had a diameter of 6 mm and a spacing of 90 mm. The concrete structure of base plate is shown in Figure 4. The welding nail connectors were arranged in a continuous manner, as shown in Figure 5.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 3: Layout of welding nails on the bottom plate (unit: mm).




	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
		
		
		
		
		
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
	
	
		
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 4: Concrete structure of base plate (unit: mm).




	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
	
		
	
		
	
		
		
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
		
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
		
		
		
		
		
	
	
		
	
		
	
		
	
		
		
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
		
		
	
	
	
	
	
	
	
	
	

Figure 5: Layout of welding nails on the upper flange (unit: mm).


2.3. Design of Bridge Deck
The PLG-1 and PLG-2 test beams used ordinary reinforced concrete bridge decks. In order to study the influence of different reinforcement ratio on the mechanical properties of composite beams, concrete slabs with the reinforcement ratio of 0.86% and 1.72% were used, respectively. The reinforcement structure is shown in Figure 6.
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(b)
Figure 6: Structure of ordinary reinforcement in concrete slabs (unit: mm). (a) PLG-1: reinforcement ratio 1.72%. (b) PLG-2: reinforcement ratio 0.86%.


2.4. Basic Mechanical Properties of Concrete
The concrete was all commercial concrete, according to the test method in GB/T 50081-2002 Standard for Testing Methods of Mechanical Properties of Ordinary Concrete; the compressive strength, tensile strength, and elastic modulus of concrete cubes with ages of 7 days and 28 days were tested. The specimen size used in the compressive strength and tensile strength tests was 150 mm × 150 mm × 150 mm, and the size of the specimen used in the elastic modulus test was 150  mm × 150  mm × 300 mm. The basic mechanical properties of concrete at 7 days and 28 days are shown in Table 2.
Table 2: Basic mechanical properties of concrete at 7 days and 28 days.
	

	Age/day	Test type	Specimen number	Measured value (MPa)	Use value (MPa)
	

	7	Compressive strength	1	46.23	46.93
	2	49.38
	3	45.19
	Tensile strength	1	2.76	3.08
	2	3.01
	3	3.47
	Elastic modulus	1	32800	35300
	2	38900
	3	34100
	

	28	Compressive strength	1	52.26	56.42
	2	56.1
	3	60.89
	Tensile strength	1	3.52	3.68
	2	3.83
	3	3.7
	Elastic modulus	1	36500	40500
	2	43900
	3	41100
	



2.5. Experimental Scheme Design
2.5.1. Loading System
This test was performed in the laboratory of the Institute of Structural Engineering and Disaster Prevention of Tongji University. The loading equipment used was the PMS-500 fatigue tester. The maximum load was 1000 kN and the maximum frequency was 10 Hz. The loading method of simply supported composite test beam with negative moment is shown in Figure 7. Due to the test site and loading method, the test beam was hoisted in the opposite direction, with the concrete slab facing down and the bottom plate facing up. Repeated loads were placed in the middle of the beam span by the distribution beam; the loading diagram is shown in Figure 8.


	
		
	

Figure 7: Test beam loading site.




	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		

Figure 8: Schematic diagram of test beam loading.


2.5.2. Loading Procedure
According to the results of the Liu [24] static load test, the upper limit of the load of PLG-1 was 490 kN and the lower limit was 225 kN. In order to prevent the cracks from appearing too wide during the entire test, the initial load limit of the fatigue test piece PLG-2 was 190 kN, and the variable load method was used gradually to increase the maximum load limit and load amplitude.
PLG-1 was loaded in two ways, static and dynamic. The static load was divided into 10 levels, with the maximum load being 490 kN and the load of each level being 49 kN. The upper and lower limits of the dynamic load were 225 kN–490 kN, with 4 Hz loading frequency. The specific loading process was as follows: before the dynamic load was applied, three static loads were applied to make the concrete slab crack, so as to simulate the cracked working state of the bridge deck. The dynamic load was stopped every 250,000 cycles, and a static load was applied after each stop to measure strain and deflection and observe cracks. After 2 million dynamic loads, the test beam had not been damaged, the upper limit load and the stress amplitude will be increased, and the observation will be stopped every 250,000 cycles until the final failure.
PLG-2 adopted the method of variable amplitude loading because the reinforcement ratio was small, the stress of the steel bar under the same load was also large, and the cracks appeared earlier. Therefore, the load was gradually increased by increasing the upper limit of the load and the load amplitude. The static load was divided into 10 levels, 190 kN as maximum load, and the load of each level was 19 kN. The upper and lower limits of the dynamic load were 90 kN–190 kN, with the loading frequency being 4 Hz. The specific loading process was as follows: before the dynamic load was applied, three static loads were applied to make the concrete slab crack, so as to simulate the cracked working state of the bridge deck. The dynamic load was stopped every 200,000 cycles, and a static load was applied after each stop to measure strain and deflection and observe cracks. After 1 million dynamic loads, the load upper limit and load amplitude were gradually increased, and the observation stopped at every 250,000 times until the load fails. The loading scheme is shown in Table 3.
Table 3: Test load.
	

	Specimen	PLG-1	PLG-2 (0–1 × 106 cycles)	PLG-2 (1 × 106–1.5 × 106 cycles)	PLG-2 (after 1.5 × 106 cycles)
	

	Load (kN)	Upper limit	490	190	300	380
	Lower limit	225	90	90	130
	Amplitude	265	100	210	250
	



3. Layout of Measuring Points
3.1. Layout of Displacement Meter
Figures 9 and 10 show the layout of the combined test beam displacement meter and the micrometer. P was the deflection displacement meter for measuring the vertical displacement of the whole beam, with an accuracy of 0.01 mm, arranged on the top surface of the concrete beam. S was the dial indicator for measuring slip.


	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	